Both the relativistic and non-relativistic model explain very well lowenergy nuclear phenomena, but in a physically different way from each other. There seems to be no low-energy phenomenon to answer which model is more reasonable. In order to explore a difference between two models, high momentum transfer phenomena are investigated. First it is shown that the neutron spin-orbit charge density in the relativistic model reproduces very well experimental data on elastic electron scattering which have not been explained in the non-relativistic model. Next it is predicted that the relativistic Coulomb sum value is strongly quenched, compared with the non-relativistic one. This quenching is owing to the anti-nucleon degrees of freedom, which make the nucleon size larger and equivalently the vector-meson mass smaller in nuclear medium. New experiment on the Coulomb sum values around the momentum transfer 1GeV is expected to distinguish the relativistic from the non-relativistic model.
Introduction
There are two kinds of nuclear models which have been extensively studied in recent years. The one is a non-relativistic model which assumes Skyrme forces [1] , and the other is a relativistic model which takes into account meson exchanges explicitly [2] . Both models work very well phenomenologically in reproducing the nuclear ground state and low-lying excited states including giant resonances. The problem, however, is that the relationship is not clear between the non-relativistic and relativistic model. The former cannot be obtained in a simple non-relativistic reduction of the latter, or the latter is not a simple relativistic extension of the former. In the relativistic model the effective nucleon-mass coming from the Lorentz-scalar potential and anti-nucleon degrees of freedom play an essential role even in low-energy phenomena, while in the non-relativistic model many-body correlations are necessary. These models now understand nuclear structure in different ways from each other, as briefly reviewed in the next section.
At present there seems to be no low-energy phenomenon to distinguish the one from the other model. In this paper, however, we would like to point out that the relativistic effects hidden in low-energy phenomena manifest themselves in high-energy phenomena in a way peculiar to the relativistic model. Since, if the relativistic model is realistic, high-energy phenomena should be also described within the same framework, such phenomena have a possibility to distinguish the relativistic model from the non-relativistic model.
We will show in the third section that the relativistic model provides us with a peculiar time-component of the nuclear four-current. The neutron spin-orbit charge density is enhanced by the Lorentz scalar potential. As a result, the difference between cross sections for 40 Ca and 48 Ca is well reproduced, which has not been explained for long time in non-relativistic models.
In the fourth section, we will show how effects of the anti-nucleon degrees of freedom appear in high-momentum transfer reaction. In the relativistic model, the anti-nucleon degrees of freedom are necessary for describing correctly the convection current, the center of mass motion, and giant resonances, but they do not change non-relativistic results at all. In the same framework as for those low-momentum transfer phenomena, we will show that the Coulomb sum values at the high-momentum transfer are strongly quenched owing to the anti-nucleon degrees of freedom. This quenching is due to the fact that in the relativistic model, the nucleon size is increased and equivalently the vector-meson mass is decreased owing to the presence of the Lorentz scalar potential in nuclear medium.
The final section will be devoted to a brief conclusion.
Relativistic vs. Non-relativistic Model
In this section, we briefly review how the relativistic and non-relativistic model explain low-energy nuclear phenomena in different ways from each other. As examples, let us quote the binding energy and giant monopole states.
Binding Energy
The one of the Skyrme forces in the non-relativistic model yields the the nucleon binding energy in nuclear matter as [1] 
where k F and ρ denote the Fermi momentum and the nucleon density, and t 0 , t 1 , t 2 and t 3 stand for the parameters in the Skyrme force. The repulsive t 3 -force is necessary for the non-relativistic model in order to prevent the nucleus from the collapse, and is considered to simulate many-body correlations. On the other hand, the simple relativistic model gives the binding energy as [2] 
where U s and U 0 represent the Lorentz-scalar and -vector potential given by the Lorentz-scalar and -vector density as
m s(v) and g s(v) being the Lorentz-scalar(vector) meson mass and Yukawa coupling constant. The effective mass in Eq. (2) comes from the Lorentz-scalar potential,
As seen in Eq.(2), the higher-order density dependence of the binding energy comes from the relativistic effects, in contrast to the one in the non-relativistic model. The Lorentz scalar potential which yields the effective mass prevents the nucleus from the collapse.
Giant Monopole States
An important ingredient of the relativistic model is anti-nucleon degrees of freedom. They are necessary even for low-energy phenomena. For example, the excitation energy of the giant monopole state is described in terms of the Landau parameters as in non-relativistic models [3] ,
where F 0 and F 1 denote the Landau parameters, and ǫ F the Fermi energy. In the relativistic model, the anti-nucleon degrees of freedom are hidden in the Landau parameters. In the σ − ω model, they are described as[4]
where we have defined
It has been shown that the denominators of Eq.(6) come from nucleonantinucleon excitations in the configuration space of RPA [5] . The similar role of the anti-nucleon in the relativistic model can be found in excitation energies of other giant resonances and the nuclear convection current or magnetic moments [6, 7] . In particular, the continuity equation is not satisfied without nucleon-antinucleon excitations [5] . Thus, in the relativistic model, the anti-nucleon degrees of freedom are necessary even for low-energy phenomena, but we cannot distinguish it from the non-relativistic model by these phenomena, since there is no difference between their relativistic and non-relativistic expressions, as in Eq(5).
We note that in Eq.(6) the relativistic effects are also important. If the effects of O(v 2 F ) are neglected, we have F 0 < −1 which implies the nuclear collapse. Furthermore, we have F 1 = 0. It comes from the space part of the ω-meson exchange which is usually neglected in the non-relativistic model.
Elastic Electron Scattering
Now let us discuss high momentum transfer phenomena where relativistic effects are expected to appear. Of course non-relativistic models do not contain such effects. Hence, we must find relativistic effects which are not a simple correction to non-relativistic models, but are peculiar to the present relativistic model.
First we discuss elastic electron scattering from nuclei. In order to calculate the cross section in phase-shift analyses, we need the nuclear charge density,
where the time-component of the relativistic nuclear-four current is given by
Using the Sachs form factor instead of the Dirac form factor
where τ denotes the proton and neutron. The nucleon density ρ τ (r) and the spin-orbit density W τ (r) in the above equation are given in the relativistic model as
where
In the non-relativistic model, we have the only large component G α , but no small component F α of the single-particle wave function. As a result, there is no spin-orbit density in the non-relativistic model, since it is in order of 1/M 2 , while Schrödinger equation is in order of 1/M. In the relativistic model, on the other hand, we have the spin-orbit density coming from both protons and neutrons. In the present relativistic model, it is enhanced by the effective mass. The enhancement is more clearly seen in the Fourier transform of Eq. (11):
This spin-orbit density is not negligible, in particlar, in neutron-rich nuclei where the subshell is not occupied by the protons. An example [8] is shown in Fig. 1 which shows the elastic-scattering cross sections for 40 Ca and 48 Ca on the top and their difference D(θ) on the bottom as a function of the electron-scattering angle in the case of the incident energy 249.5 MeV. The solid curves on the l.h.s. of Fig.1 are obtained in the nonrelativistic model using the SLy4 force [1] . We clearly see a disagreement with experiment [9] on the difference between the two cross sections. Other Skyrme forces available at present yield similar results for the difference. We note that the neutron charge densities are taken into account properly in these non-relativistic calculations, although their contribution to the cross sections are negligible. On the other hand, the solid curves of the r.h.s. of Fig. 1 are obtained in the relativistic model with NL-SH parameter set [10] . The thick and thin solid curves are calculated with and without the spin-orbit density, respectively. In 40 Ca, the two curves coincide with each other, since the spin-orbit density has almost no effects in doubly closed shell nuclei. It is seen that the difference between the cross sections for 40 Ca and 48 Ca is well reproduced in the relativistic model owing to the neutron spin-orbit density peculiar to the relativistic model. If electron scattering off unstable nuclei becomes available in the near future, we expect that the difference between the relativistic and non-relativistic models would be explored in more detail.
Quasielastic Scattering
In the low-energy phenomena mentioned in the subsection 2.2, we cannot see effects of the anti-nucleon degrees of freedom explicitly, since they do not change the results of the non-relativistic model at all. We notice, however, that those phenomena are all related to the zero limit of the momentum transfer q in the RPA response functions [5] . At the finite momentum transfer, effects of the nucleon-antinucleon excitations appear in the RPA response function. This fact has been shown in the longitudinal response function for quasielastic scattering [11, 12] . The response function is strongly quenched by the effects of order q 2 as discussed below. Fig. 2 shows the Coulomb sum values as function of the momentum transfer. The dashed and solid curves show the results of the relativistic RPA without and with the nucleon-antinucleon excitations, respectively. The nonrelativistic results are similar to the dashed one. It is seen that above the momentum transfer 0.5 GeV, the Coulomb sum values are strongly quenched due to the nucleon-antinucleon excitations.
The reason why the Coulomb sum values are quenched is easily understood in Fig. 3 . The Dirac form factor F 1 in the free space includes the second diagram of the r.h.s. in which the nucleon-antinucleon excitations participate with the free mass M. In nuclear medium, however, nucleons and anti-nucleons have the effective mass M * = M − U s in the relativistic model. This effective mass modifies the Dirac form factor, that is the proton radius. Using the RPA correlation function, the modification of the proton size is estimated as [13] 
Since M > M * due to the Lorentz scalar potential, we have always δ r 2 p > 0 in the relativistic model. In the present calculation, we have determined the coupling constants so as to reproduce the nucleon binding energy and nuclear density of nuclear matter. Then, we obtain
Thus, since the effective nucleon mass is smaller in the nuclear medium, the proton size is increased. This means that the nucleon form factor is reduced. This is the reason why the Coulomb sum values are strongly quenched due to the anti-nucleon degrees of freedom. We note that if we define the effective ω-meson mass m * v by its RPA self-energy, Eq. (14) is expressed as [12] δ r
as expected in the vector-meson dominance model. The quenching of the Coulomb sum is also interpreted as the reduction of the ω-meson mass in nuclear medium, which is m * v = 0.696m v in the present model. In Fig. 2 experimental data are shown from Saclay [14] and SLAC [15] which seem to support the quenching, but there are discussions on their analyses of the data [16, 17] . The prediction of the relativistic model should be examined in more detail with new experiment.
Finally we should mention that the modified nucleon form factor slightly improves also an agreement of elastic-scattering cross section with experiment. In Fig. 4 is shown the result of NL-SH for the nucleon form factor corresponding to the radius Eq. (15) with the same designation as in Fig.1 .
Conclusions
The relativistic and non-relativistic model work well for low-energy nuclear phenomena, but explain them in different ways from each other. In high momentum transfer phenomena, however, there is a difference between their predictions. The relativistic effects in the relativistic model are not obtained as a simple correction to the non-relativistic models.
First we have shown that the relativistic model reproduces the difference between the cross sections for elastic electron scattering from 40 Ca and 48 Ca, which has not been explained in non-relativistic models. The timecomponent of the relativistic four-current includes the neutron spin-orbit current which is enhanced by the Lorentz scalar potential. Electron scattering off unstable nuclei may be useful for distinguishing the relativistic from the non-relativistic model in more detail.
Second, we have shown a role of the anti-nucleon degrees of freedom. They are required from the fundamental reason in the relativistic model, but they are hidden in low-energy phenomena. Within the same framework for the low-energy phenomena, however, it is shown that effects of the anti-nucleons with the effective mass appear in the Coulomb sum rule at high-momentum transfer. Since the anti-nucleon degrees of freedom are an important ingredient of the relativistic model, observation of those effects is essential for the question if the relativistic model is realistic. New experiment on the Coulomb sum values around the momentum transfer 1 GeV is desirable in order to answer this question. It would be very serious for the relativistic model, if the Coulomb sum values are not quenched, compared with the non-relativistic one. 
